Excitons are one of the most important fundamental quasi-particles, and are involved in a variety of processes forming the basis of a wide range of opto-electronic and photonic devices based on II-VI semiconductor nanowires and nanobelts, such as light-emitting diodes, photovoltaic cells, photodetectors and nanolasers. A clear understanding of their properties and unveiling the potential engineering for excitons is of particular importance for the design and optimization of nanoscale opto-electronic and photonic devices. Herein, we present a comprehensive review on discussing the fundamental behaviours of the excitons in one-dimensional (1D) II-VI semiconductor nanomaterials (nanowires and nanobelts). We will start with a focus on the unique properties (origin, generation, etc) and dynamics of excitons and exciton complexes in the II-VI semiconductor nanowires and nanobelts. Then we move to the recent progress on the excitonic response in 1D nanomaterials and focus on the tailoring and engineering of excitonic properties through rational controlling of the physical parameters and conditions, intrinsically and extrinsically. These include (1) exciton-exciton interaction, which is important for 1D nanomaterial nanolasing; (2) exciton-phonon interaction, which has interesting applications for laser cooling; and (3) exciton-plasmon interaction, which is the cornerstone towards the realization of plasmonic lasers. The potential of electric field, morphology and size control for excitonic properties is also discussed. Unveiling and controlling excitonic properties in II-VI semiconductor nanowires and nanobelts would promote the development of 1D nanoscience and nanotechnology.
Introduction
Excitons are the quantized elementary 'excitation waves' (quasi-particles), which involve in many fundamental, and important optical processes, such as photosynthesis [1] , photovoltaics [2] , absorption [3] , photoluminescence [4] , lasing [5] and so on. An exciton is a bound state of an electronhole pair formed by the long-range Coulomb interaction [6] . 4 Authors to whom any correspondence should be addressed.
This Coulomb attraction provides an energy minimization, which is more stable than the unbound electron and hole. Unlike electrons and holes, excitons are bosons, obeying BoseEinstein statistics, which provide a platform for Bose-Einstein condensation [7] . According to the binding energy between the electron and the hole, there are two kinds of excitons, which are Frenkel excitons [8] and Wannier-Mott excitons [9] . The Frenkel excitons are formed by electron-hole tightly bound to each other within one or two unit cells with a small Bohr radius, which are usually found in organic materials due to low dielectric constants. However, electrons and holes in Wannier excitons are weakly bound due to large dielectric constant, which are popular in II-VI semiconductors with a large Bohr radius. In this review paper, we limit our discussions on the Wannier type only.
Under the effective mass picture, the exciton spectrum exhibits hydrogen-like spectral lines [10] . For the Wannier excitons, the energy of excitons can be expressed as [11] 
where E g is the electronic bandgap of II-VI semiconductors, K is the wavevector of excitons, M is the effective mass of excitons, R * is Rydberg constant for excitons and n is the bound state quantum number. For II-VI semiconductors, Wannier excitons show small effective masses and small oscillator strength. Usually K is equal to zero, however K is not zero for hot excitons [12] .
II-VI semiconductors including ZnO, ZnS, ZnSe, ZnTe, CdS, CdSe CdTe, etc are direct-bandgap semiconductors with relatively large exciton binding energies. For example, the binding energies for ZnO (60 meV) [13] , ZnS (40 meV) [14] and CdS (29 meV) [15] are higher than the thermal energy k B T at room temperature (25 meV), which suggest efficient and stable excitonic response, thus strong light emission at room temperature.
Excitons are a hot topic in optics and condensed matter physics, as the exciton formation, dissociation, evolution, dynamics and interaction are important in both fundamental physics and device applications. From the fundamental physics point of view, excitons are important for the radiative and nonradiative recombination, energy transfer and the interactions in the condensed matter physics such as strong coupling of photon with excitons in the format of polaritons [16] . Excitons in nanomaterials also suggest some intrinsic physical property changes compared with the counterparts in bulk materials, which demands further investigations. From the application point of view, excitons are the basic active quasi-particles, which manifest themselves in the optical properties of II-VI semiconductors for laser, light emission display, solar cells [17] and so on.
More interesting physical properties bloom from the bottom after tailoring and engineering the II-VI semiconductors into nanoscale.
Excitons are attractive because of the rising of new excitonic characteristics [6] in the nanoscale system due to the confinement effect. Firstly, when the dimensions of II-VI semiconductors are pushed down to the length scale of the exciton Bohr radius, excitons show a quantum size effect [18, 19] . Thus, with the decrease in the sizes of nanobelts and nanowires, especially when the diameters become comparable to the Bohr radius of excitons, the confinement will enhance the efficiency of exciton generation [6] . Secondly, a larger surface-to-volume ratio emerges in nanostructures, which brings the significant surface trapping and scattering effects [20] . The surface effect will influence the excitonic properties in nanoscale system, which is quite different from the bulk materials.
Spatial confinement of excitons in II-VI semiconductor nanowires and nanobelts will modify the excitonic properties of these materials such as the density of states, the many-body interactions between carriers, trapping by defects, polarization dependence and so on. These properties can be used as polarization sensitive photodetectors [21] , nanolasers [22] , alloptical active switchers [23] , photonic circuit elements [24] , nanowire photovoltaic cells [25] , nanowire waveguide [26] and so on. A clear understanding of these excitonic properties (generation, decay, kinetic, etc) is particularly important for improving the performance of these opto-electronic and photonic devices. Thus a fundamental understanding of excitons in nanowires and nanobelts is required for further development of devices based on nanowires and nanobelts.
As a prerequisite, the state-of-the-art synthesis method should be able to produce well-dispersed, good morphology, and orientation controllable nanowires and nanobelts for desirable excitonic functionality [27, 28] . Fortunately, vapour phase and liquid phase syntheses through vapour-liquid-solid, vapour-solid and solution-liquid-solid mechanisms have been well developed for this purpose [29] . The vapour phase method is one of the most simple, accessible and extensive explored methods for the growth of nanowires and nanobelts through controlling the nucleation, supersaturation, crystallization in only one direction [30] . The nanostructures can be grown from the vapour phase either by catalytic or self-catalytic vapourliquid-solid mechanism or by vapour-solid growth mechanism [27] . On the other hand, the solution-liquid-solid method is developed for highly crystalline II-VI semiconducting nanowires and nanobelts with small diameters and controllable surface ligation at low temperatures [31] . The solutionliquid-solid growth can afford narrow diameter distribution of nanowires with the diameters of 3-5 nm [32] .
In this review paper, we focus on the recent development of excitonic properties of nanowires and nanobelts. The synthesis and fabrication of a wide range of nanowires and nanoribbons have been extensively reviewed in the previous literature [27, 29, 31] , thus will be skipped in this paper. We also find a loose definition of nanowires and nanobelts in the literature. As a critical definition from the view of electronic density of states, one-dimensional (1D) nanostructures should have quantum mechanical effects, which usually be considered as 'quantum wires' and 'quantum belts'. However, more broad definition is usually adopted in the literature. Here we focus our review on the nanowires, which have the diameter on the order of less than 100 nm and the aspect ratio can achieve several hundreds. Accordingly, we define the nanobelts as nanostructures that have a dimensionality constrained to less than 100 nm in width and several hundred nanometres in thickness and an unconstrained length. Firstly, we will discuss the unique properties of excitons and exciton complexes in II-VI semiconductor nanowires and nanobelts, which are mainly due to the vacancies, interstitial defects, dislocations, foreign atoms in the 1D materials. Then we will discuss the exciton dynamics, which is radiative and nonradiative through different decay channels. After that, taming excitons with the interactions such as exciton-exciton interaction, excitonphonon interaction and exciton-plasmon interaction will be discussed. These bring the applications of excitonic lasing, lasing cooling and plasmonic lasing. Then we will discuss the influence from the electric field, morphology and size to the excitonic properties. These could result in photodetectors and wavelength-tunable devices in applications. Finally we give an outlook of the fundamental physics and device applications of 1D II-VI nanomaterials based on the excitonic properties in the future.
Excitonic properties in II-VI semiconductor nanowires and nanobelts
Excitons can take part in a class of optical processes such as photoluminescence, photoconductivity, scattering and ultrafast carrier dynamics. Unlike the two-dimensional (2D) nanomaterials (such as nanofilms), 1D nanomaterials can concentrate the electronic density of states and make optical transition highly efficient [33] . Secondly, Coulomb interaction would be more efficient in nanowires and nanobelts, with large binding energy, which enhances the optical transition probability [33] . Unlike zero-dimensional (0D) nanomaterials (such as quantum dots), Auger recombination process is suppressed in the 1D materials [34] , which would lead to highly efficient nanolasers [22] . Stoichiometric defects formed during synthesis are the majority of defects in nanowires and nanobelts instead of surface states, which seem to be the most deleterious defect formation in 0D quantum dots.
Excitons and exciton complexes
Intrinsic defects such as vacancies, interstitial defects, antisites, dislocations, foreign atoms and even the surface dangling bond of the crystal [35] have much influence to the excitonic properties in nanowires and nanobelts. From the viewpoint of the semiconductor band model, the ionic binding configuration of II-VI semiconductors is as follows:
where s, p, d are the orbital labels of electron configuration, n = 5 for Cd, n = 4 for Zn and m = 2, 3, 4, 5 for O, S, Se, Te. Free electrons occupy the lowest empty s-like level of the cations in the conduction band, while free holes in the valence band frequently arise from the highest occupied p-like level of the anions [35, 36] . Due to the large vapour pressure difference for II and VI group elements at certain temperatures, the vapour synthesis would naturally introduce stoichiometric defects as schematically shown in figure 1 . Taken CdS as an example, stoichiometric defects such as sulfur and cadmium vacancies (V s , V cd ), and interstitials (Cd I and S I ) and anti-sites (S cd , Cd s ) will be unintentionally formed. And these also happened in ZnO [37] , ZnTe [38] , ZnSe [39] and ZnS [40] nanowires and nanobelts, which introduce rich luminescent properties in II-VI semiconductor nanowires and nanobelts.
Excitons can be bound to these defects to form exciton complexes. For example, when an exciton (X) is bound to a neutral acceptor, A 0 X complex is formed. Similarly, an [36] . Also electron at the donor level and a hole at the acceptor level can bound to form a donor-acceptor pair (DAP). Figure 2 gives an example of a typical photoluminescence spectrum of CdS nanobelts measured at 10 K with multiple Gaussian functions fitted to determine the peak positions and width [35] . The peak at 2.543 eV is ascribed to I 2 , and the peak at 2.531 eV is attributed to I 1 . A series of peaks between 2.416 and 2.266 eV demonstrate multiple phonon replicas with an energy spacing of approximately one LO phonon (i.e. 37 meV) [35] coupled to DAP. Calculated with the HuangRhys relation, strong exciton-phonon coupling is suggested in these CdS nanobelts [35] . Similar photoluminescence spectra can be found heavily in the literature with different II-VI semiconductor nanobelts and nanowires [37] [38] [39] [40] .
It is important to note that this fine structure of the photoluminescence spectrum is usually more evident at low temperatures. Due to the lattice change and exciton-phonon interaction under different temperatures, the bandgap E g (T )
of II-VI semiconductor usually blue shifts with a decreasing temperature (T ), which can be described by a semi-empirical Varshni formula as [41] 
where α is the temperature coefficient, β is related to the Debye temperature of a crystal, and E g (0) is the bandgap at the zero temperature. It should be pointed out that unlike the ideal II-VI semiconductors, which is transparent below the bandgap, the absorption below bandgap is more evident in 1D materials [35, 42] due to the defects or doping as well as the lattice vibrations via electron-phonon interactions, which follow the Urbach rule. The absorption coefficient considering the Urbach tail can be expressed as [43] α
where A 0 and K 0 are constants and σ is a dimensionless fitting parameter. Due to the confinement-induced optical selection rules as well as the possible dielectric contrast effects, 1D materials have intrinsically anisotropic optical response [44] . For the ultrathin nanowires, the wave function of excitons can extend spatially over a long range along the wire longitudinal axis, while perpendicular to the axis, the wave function is localized inside the nanowires. For large nanowires and nanobelts, the anisotropic response would be more complicated. For example, Li et al presented polarization and mode structure of photoluminescence from single ZnO nanowires with the diameter >100 nm [45] , and they found that in the visible regime, the exciton emission is polarized along the longitudinal axis of wires, while from 2.9 to 3.22 eV, the Fabry-Pérot-guided modes are polarized perpendicular to the wires due to the strong coupling. Above 3.22 eV, however, there was no evidence of anisotropy. Utilization of these anisotropic properties, polarization sensitive photodetectors can be accomplished [21] .
Dynamics of excitons and exciton complexes
After the photoexcitation, the non-thermodynamic excitons undergo several stages of relaxation before they recombine [46] .
They first experience a quick dephasing period (within several femtoseconds) and then go to a hot-exciton period. Recombination occurs through a radiative channel, which is the annihilation of an exciton to generate a photon. Recombination can also occur via nonradiative decay channels through intermediate stages of interactions such as exciton-exciton scattering, exciton-phonon scattering, trap-assisted recombination, Auger mechanism and so on [47] .
These processes can be captured by the timeresolved photoluminescence spectroscopy, optical pumpprobe spectroscopy or time-resolved second harmonic spectroscopy, etc.
The intrinsic radiative exciton lifetime is mainly determined by the exciton scattering within a coherent volume of a free exciton [33] . The radiative lifetime of excitons in 1D materials may become shorter than that in bulk materials [33] , which is due to the finite spatial coherence in the lateral direction. As the coherent volume of exciton varies with temperature, the radiative exciton lifetime is temperature dependent. Thermalization effect of the intrinsic radiative lifetime may lead to [48] 
where A 0 is a constant coefficient and material dependent.
In particular, to measure the intrinsic radiative lifetimes of nanowires and nanobelts, the samples free of defects should be evaluated first of all, which is more challenging in this research stage.
With the presence of defects and many-body interactions, the nonradiative relaxation can be promoted. The temperaturedependent rate of nonradiative process can be described by the thermal activation energy in the Boltzmann distribution [35, 49] :
where E a is the activation energy for a nonradiative process. Overall, the lifetime τ (T ) measured by most of the timeresolved spectroscopy can be expressed as follows:
Figure 3(a) presents temperature-dependent transient photoluminescence decay from I 2 in CdS nanobelts at a low excitation power. The decay constants were extracted as a function of temperature as shown in the inset. This suggests that the increase in temperature promotes the nonradiative relaxation process of I 2 emission, leading to a faster time constant τ 1 [35] . Auger relaxation is another important nonradiative channel when the excitation power is high, which is based on long-range Coulomb interactions and a new Auger recombination channel opens [50, 51] . This process is also dimension dependent. For instance, Htoon et al [51] found that with the dimension increase from 0D to 1D of CdSe, the Auger recombination experiences a transition from cubic to quadratic decay, which suggests that Auger process in 1D systems is effectively suppressed, in contrast to those in 0D systems [34] . This will in turn lead to increased optical gain and efficient light amplification, which count for mainly more efficient lasing in 1D than in 0D.
Generally, the exciton radiative recombination is on the scale of ∼1 ns in II-VI semiconductor nanowires and nanobelts. However, with the combination of nonradiative recombination and the decrease of diameters, the exciton decay could be faster. For example, Vietmeyer et al found that the measured emission lifetimes are short (<100 ps) in individual CdSe nanowires with diameters of 20 nm [52] . Generally speaking, the LO-phonon decay rates are on the scale of ∼100 fs to ∼100 ps and the Auger process is also on the same scale as LO phonons. Puthussery et al suggested that intraband carrier cooling rate of CdS nanowires is on the time scales of 300-400 fs [53] .
Sometimes, one would observe quite long lifetime of exciton and exciton complexes because of enhanced singlettriplet exchange interaction in II-VI semiconductor nanowires and nanobelts [6] . In figure 3 (b) we demonstrate three emission decays centred at the different wavelengths of the zero-phonon DAP photoluminescence spectroscopy, a lifetime on the order of hundreds of nanoseconds for our CdS nanobelts [35] . This is due to the spin-polarized cadmium vacancy electronic states. For the DAP, the energy of the Hopfield-type donor and acceptor pair can be expressed as [35] 
where E D and E A are the activation energies of donor and acceptor, and ε 0 , ε are the dielectric constant of vacuum and the relative dielectric constant of CdS, respectively. The last term is the Coulomb energy between the donor and the acceptor, separated by a distance r. Figure 3 (b) suggests that closer (more energetic) DAP undergoes faster radiative recombination rates, which shows the characteristic of DAP decay.
Taming excitons through interactions
In principle, there are several elementary excitations such as phonons, excitons and intrinsic or extrinsic plasmons in II-VI semiconducting nanowires and nanobelts. The understanding of the excitonic properties can be obtained behind those interactions. With increasing pump intensity, the exciton density could increase and the fundamental physics becomes more complicated yet interesting as excitons or exciton complexes interact with each other as a function of population. On the other hand, excitations such as intrinsic phonons, and extrinsic plasmons could also be used to tailor the excitonic properties of II-VI semiconducting nanowires and nanobelts through either phonon-exciton or plasmon-exciton interactions. These interactions could bring out some new effect and new physical phenomena.
Exciton-exciton interaction and lasing effect
As shown in figure 4, in the low excitation density regime, excitons or exciton complexes are separated far away and the interaction between them can be ignored. With increasing pump intensity, the exciton and exciton complex population and thus the possibility of exciton and exciton complex interaction and scattering increase, leading to the form of exciton molecular (biexciton) or exciton liquid. In this regime, collisions between excitons or between the excitations become important [12] . However, with a further increase in the pump intensity, the screening effect can decrease the electron-hole attraction energy, which significantly decreases the exciton binding energy. This will result in the splitting of excitons into independent or weakly correlated electrons and holes [54] , termed electron-hole plasma [55] . Under extreme high pump intensity, the effects of band-filling and renormalization of bandgap effects could become prominent [53] . The optical properties of II-VI semiconducting nanowires and nanobelts are strongly dependent on the carrier population. For example, even though CdSe has the exciton binding energy of 15 meV, both excitonic and free-carrier behaviour in CdSe nanowires can occur depending on the pump intensity [56] . Photoluminescence intensity as a function of excitation intensity was used to clarify the nature of carriers and their recombination mechanisms [39, 52] . For example, the free-carrier dynamics is quite different from excitonic behaviour, which can be distinguished from the distinct photoluminescence intensity dependence on the pump power [53] . Vietmeyer et al [52] observed a nonlinear powerlaw between the photoluminescence emission intensity and the pump intensity due to the free-carrier behaviour. A linear relation between the emission and excitation intensity is expected in the low pump intensity, due to the fact that the emission intensity simply reflects the increasing concentration of exciton. With the increase in excitation intensity, the electron-hole plasma exists, and the emission intensity would grow quadratically with pump fluence [52] .
The dynamics of exciton can also change due to the high density of excitons in the nanowires and nanobelts and some new competing processes such as Auger recombination and amplified spontaneous emission (ASE) become evident. Auger process is one of the blockades for efficient ASE at high pump intensity. However, the strongly reduced Auger decay process in 1D results in increased optical gain lifetime and hence efficient light amplification [51] . The ultrafast dynamics in the ASE region is informative to understand the fundamentals of nanolasers based on II-VI semiconducting nanowires and nanobelts. Johnson et al [57] demonstrated that there are two regions for the pump power dependence of the exciton decay in ZnO nanowires and nanobelts by time-resolved second-harmonic generation and transient photoluminescence spectroscopy. Under the low pump intensity, the ∼80 ps decay component is from the free exciton, while under high pump intensity, it is only ∼10 ps due to the ASE. Recently, we also observed the ASE process in CdS nanobelts on the time scale of 20 ps [35] . Dynamic competition between I 2 and DAP has been identified, which suggests that compensation of acceptor levels in CdS nanobelts is required for ASE. The strongly reduced Auger decay rates lead to population inversion developed between the donor level and valence level, resulting in ASE in CdS nanobelts.
A cavity is required for ASE in II-VI semiconducting nanowires and nanobelts to achieve lasing. The cavity can be either formed from a natural cavity (Fabry-Pérot or whispering gallery modes) by crystal facets themselves, by random scattering pathways (random laser) or by embedding the nanostructures to the other cavities. We have recently observed random lasing in CdS nanobelts ensembles [4] and CdSe nanowires ensembles [58] achieved by the van der Waals epitaxy growth method [59] . Figure 5(a) shows the photoluminescence spectra of a single CdS nanowire as a function of pump intensity [60] . The diameter of the nanowire is ∼260 nm and the length is ∼12.8 µm. With increasing excitation intensity, we observed a transition from spontaneous emission (0.4 µJ cm −2 ) through ASE (0.6 µJ cm −2 ) to full lasing action (2.0 and 2.6 µJ cm −2 ). Figure 5 (b) shows the output power with a multimode laser mode [61] (on log-log scale), which generates a threshold fluence of ∼0.76 µJ cm −2 . Figure 5 (c) shows the mode spacing of the observed sharp emission lines λ as inversely proportional to the nanowire length L. This agrees well with the theoretical equation for a Fabry-Pérot cavity [62] .
As bosons, excitons cannot form an inverted population which is needed in a photonic laser. In the early days, Thomas et al [63] proposed possible exciton complex used as lasing in CdS based on the excitons bound to impurities or defects, which introduces the non-bosonic quality. This is consistent with what we discuss in the excitons and exciton complexes as shown in figure 1 . Whether excitons are involved in lasing in II-VI semiconducting nanowires and nanobelts or not, it is still in debate. Using many-body theory Vesteegh et al [64] suggest that lasing in ZnO nanowires at room temperature is not of excitonic nature as is often thought, which instead is electron-hole plasma lasing. This result suggests that a possible mechanism for the lasing could be due to the exciton dissociation into free holes and electrons to form electronhole plasma [55] at high exciton concentration [65] , which forms fermions for inverted population [63] . Agarwal et al found that exciton-exciton interaction is critical for lasing up to 70 K, while the exciton LO-phonon process dominates at higher temperatures [66] .
On the other hand, light (photon) and matter (exciton) interaction is enhanced in nanowires and nanobelts [67] , as the mode volume is reduced compared with those in bulk materials. Strong coupling of photons with excitons in II-VI semiconductor nanowires and nanobelts can lead to the formation of polaritons, which can demonstrate the low-threshold polaritonic lasing and Bose-Einstein condensation [16, 26] . This coupling can be considerably enhanced in cavities with good facets [54] in nanostructures. Bose-Einstein condensation can be used for the phasecoherent parametric amplification of waves [68] . Under the low temperature, the inelastic exciton-exciton interaction [69] could be observed and a low stimulated emission threshold [70] could be used for the polaritonic lasing.
Exciton-phonon coupling and laser cooling effect
Excitons can be modified by the vibrational motion of lattices (phonons) in the crystal, which could bring the broadening of the exciton peaks. The lattice vibrational energy is on the scale of thermal energy k B T at room temperature (25 meV) or even higher in terms of optical phonons. II-VI semiconductors present a pronounced polar character so that the Fröhlich interaciton (LO phonon) is predominant. Phonons in polar crystals usually have a large Fröhlich coupling constant, for example CdS 0.53, ZnSe 0.43, which is larger than the III-V semiconductors, such as GaAs 0.068 and InAs 0.052 [71] . Phonon-assisted photoluminescence, Raman spectroscopy, pump-probe spectroscopy [72] present important information of exciton-phonon coupling for the optical process in II-VI nanowires and nanobelts. Usually, the exciton-phonon coupling strength can be evaluated from the intensity ratio of its overtone mode over the fundamental Raman mode. Raman scattering cross section for the nth phonon process can be estimated as [73] [74] [75] 
where µ is the electronic transition dipole moment, ω is the incident photon frequency, m is the intermediate vibrational level in the excited state, E ex is the electronic transition energy, and is the homogeneous line-width. The Franck-Condon overlap integral n|m can be written as [76, 77] 
where is the dimensionless displacement, L is the associated Lagurre polynomial. Huang-Rhys parameter S, which is related to the displacement of the excited state minimum from that of the ground state [78] , is commonly used to characterize the coupling strength for Fröhlich interaciton. Combining (9) and (10), the Huang-Rhys parameter S, thus exciton-phonon coupling strength, can be calculated based on the 2LO to 1LO mode. We have identified a strong exciton-LO phonon coupling in CdS nanobelts [35, 79] , which is almost a factor of four enhancement compared with the bulk [79] . Recently, we also reported up to fifth order LO-phonon Raman scattering in ZnTe nanorods at room temperature [75] . The coupling strength is increasing with the diameters of nanorods. Usually, the nanobelts are notably different from the nanowires, as a strong enhancement of the multiphonon response, as proved by Lee et al [80] . They observed that the first order LOphonon energy systematically increases with increasing lateral size from nanowires to nanobelts in CdS. Hu et al [81] also observed that the coupling strength of exciton-phonon increases with increase in lateral size.
Exciton-phonon interactions have several effects to the properties of excitons. Firstly exciton-phonon coupling could increase the dephasing rate of the excitonic states [83] . Secondly, due to the coupling of exciton with phonons, the exciton kinetic energy distribution in a quasi-equilibrium state is quite different from the equilibrium state corresponding to the crystal temperature [12] . Coupling could highly enhance exciton recombination via a nonthermalized hotexciton emission process [82] . From the cascade relaxation point of view [84, 85] as shown in figure 6(a) a primary photon with energy of hω 0 could create a hot exciton together with the emission of one LO phonon. Hot excitons are scattered in a cascade mode by LO phonons into states separated by one LO phonon (hω LO ). At the last stage, an indirect annihilation of excitons with a photon generation of hω LOnhω LO occurs. Figure 6(b) shows the Raman spectra of a single ZnTe nanobelts at room temperature excited at 514 nm. Three peaks located at 110, 120, 145 cm −1 are assigned to E LO , A 1 and E LO /E TO modes of the crystalline Te phase. The peaks located at 205, 410, 615, 820, 1025, 1230, 1435 cm −1 are the corresponding nth order (n = 1, 2, 3, 4, 5, 6, 7) LO-phonon emission peaks, respectively. Only two LO emission lines are observed below the centre of the photoluminescence emission peaks, which suggest a hot-exciton emission. In the hotexciton emission process, the excess energy of the exciton is dissipated mainly by the emission of LO phonons, leading to a recombination time scale of tens of picoseconds, which is faster than the normal exciton [86] . Figure 6(c) shows the powderdependent time-resolved photoluminescence spectroscopy of single ZnTe nanobelt, which can be fitted by a doubleexponential decay for free exciton decay (∼80 ps) and hotexciton decay (∼18 ps) under the low pump intensity. Under the high pump intensity, an additional channel (5 ps) due to the ASE appears.
Due to the strong exciton-phonon coupling in the nanobelts, II-VI semiconductor nanobelts can lead to cooling of matter by spontaneous anti-Stokes emission, which was first demonstrated by our group [79, 87] . When the anti-Stokes is in resonance, under the strong coupling of exciton-phonon, the I anti−stokes /I stokes > 1, suggesting that LO-phonon annihilation rate can be much faster than the generation under a resonant condition, which will carry the heat away during the radiation of excitons. The lowest achievable cooling temperature is found to strongly dependent on thickness [87] . A net cooling of 40 K was demonstrated in a CdS nanobelt with a thickness ∼110 nm starting from 290 K pumped by a 514 nm laser. This process shows high external quantum efficiency and negligible background absorption compared with laser cooling with III-V GaAs-based quantum wells [88] . This suggests the excitonphonon coupling could be harnessed to achieve laser cooling and open a new way to optical refrigeration based on II-VI 1 D nanomaterials.
Exciton-plasmon interaction and plasmonic effect
Plasmons are also quasi-particles, which result from the quantization of collective oscillations of electron gas. Plasmons play an important role in the optical properties of metals, such as the surface plasmon polaritons, which propagate along a metal-dielectric interface [89] , and localized surface plasmon, which oscillates locally in metallic nanoparticles [90] . Plasmons also play a pivotal role in current nanophotonics, such as the super-resolution imaging, sensing based on resonance, electric-magnetic field enhancement, subwavelength confinement and localization, which can be used in enhanced spectroscopy [91, 92] , nonlinear optics [93, 94] , imaging, biosensing and circuitry [89] .
Excitons and plasmons can interact with each other via dipole-dipole interaction, which is similar to the Förster mechanism [17] . And the excitonic properties such as exciton dynamics and photoluminescence emission of nanowires and nanobelts would experience dramatical change extrinsically. Such exciton-plasmon interactions allow design of absorption and emission properties, control of nanoscale energy-transfer processes, creation of new excitations by strong coupling, and increase in optical nonlinearities [95, 96] .
The interaction of excitons with plasmons can be identified as weak coupling and strong coupling. In the weak coupling process, wave functions of excitons and electromagnetic modes of plasmons are considered unperturbed. The electromagnetic modes of plasmons afford localized enhanced field and will change the density of states of excitons and other excitonic properties such as radiative and nonradiative rate of excitons, which rely on the exciton-plasmon distance [97] . Thus under weak coupling of excitons and plasmons, plasmons usually affect the spontaneous emission by an enhancement or suppression of exciton emission [98] . Recently, Cho et al demonstrated the tuning of the recombination process in CdS nanowires by SiO 2 /Ag shell, which demonstrate a hotexciton recombination process through the plasmon-enhanced exciton-phonon coupling effect [86] . Govorov et al [98] proved that the enhanced emission is due to the electric field amplified by the plasmon resonance, while energy transfer from semiconductor to metal results in emission suppression. Either the enhancement or suppression also depends strongly on the geometrical parameters of the hybrid structure as well as the physical and material properties. Recently, we demonstrated that due to the excitonplasmon interaction, the Burstein-Moss effect in CdS nanowires is enhanced, which can be used as wavelengthtunable single nanowire lasers [99] .
The Burstein-Moss effect results from the Pauli exclusion principle, which is revealed as a bandgap increase because the absorption edge is pushed to higher energies as a consequence of state filling in semiconductors [100, 101] . As a result, a blueshift in the absorption or photoluminescence spectroscopy can be observed by either optical doping [102] or by chemical doping [101] . Figure 7 (a) shows a CdS nanowire on top of the Au films separated by a nanometre scale of SiO 2 buffer layer with thickness h nm. When we change the distance between CdS nanowire and Au films, which result in the tuning of the exciton-plasmon interaction, we observed a large blue-shift (more than 20 nm) of the lasing wavelength ( figure 7(b) ) [99] . This is due to the enhancement of the Burstein-Moss effect from the plasmons for the nanowires.
The strong coupling process of exciton and plasmon is considered when resonant exciton-plasmon interactions modify exciton and plasmon wave functions and lead to exchange energy of exciton and plasmon. In this strong coupling regime, the excitation energy is shared and oscillates between the plasmonic and excitonic systems, which have the characteristic of half-exciton and half-plasmon. A typical anticrossing and splitting of energy levels at the resonance frequency is observed for the strong coupling systems [95, 103] . However, few experiments report the strong coupling of exciton and plasmon in nanowires and nanobelts. The difficulty of achieving strong coupling of exciton and plasmon is due to the decoherence time of plasmons that is on the femtosecond time scale and often shorter than the time required for Rabi oscillations.
In return, excitons can also compensate the loss of plasmons and induce the coherence of plasmons, which has been demonstrated as a plasmonic laser [104] . Oulton et al [105] demonstrated a CdS nanowire-based plasmonic laser, generating optical modes a hundred times smaller than the diffraction limit using a hybrid plasmon-exciton system.
Taming excitons by field and morphology

Exciton under electric field
An electric field demonstrates several phenomena in the spectrum such as modulation of absorption coefficient, broadening of exciton absorption line, shift of the absorption peak, dissociation of excitons [106] . Investigation of excitons in the presence of an extrinsic electric field can provide useful excitonic information for the nanowires and nanobelts. When the electric field is applied, it will change both the absorption intensity, which is known as the Franz-Keldysh effect, and shift frequency of the absorption peak, which is known as Stark effect [107] . For the bulk semiconductors, the absorption tail below the bandgap due to the applied electric field without and with excitonic effect can be expresses as [108] [109] [110] [111] :
, without exictonic effect,
, with exictonic effect (11) where E is given by [112] 
where ξ , m * and are the electric field, effective mass and Plank constant, respectively. This can be used to diagnose the excitonic properties from the fitting of the absorption tail below the bandgap [111] . Although we can use the external electric field, the internal electric field induced by the Fermi level pinning at the surface of nanowires and nanobelts can also be used [109] . Another specific characteristics for the FranzKeldysh effect is that above the bandgap, the absorption shows some quasi-periodic oscillations [106, 113] .
The electric field can also ionize the exciton and give rise to exciton dissociation [106, 114, 115] , which results in the exciton peaks in the photoconductivity spectrum. Under the nano-confinement, a large electric field is required for the exciton ionization due to the exciton binding energy increases. The exciton can remain resolved under a higher field under nano-system than that in bulk [115] . With the decrease in dimension, the Franz-Keldysh effect will also present nanoscale characteristics, which is defined as the quantumconfined Franz-Keldysh effect [116] .
It is difficult to observe the Stark effect in bulk II-VI semiconductors due to serious peak broadening and small frequency shift because of weak Stark effect under an electric field. However, the increase in density of states and exciton binding energy dramatically change the magnitude of the Stark effect in quantum-confined materials [18] . This is determined by the exciton Bohr radius α B and the dimension of materials R. With R > α B it is weak confinement, and with R < α B there is a strong confinement [18] . The quantum-confined Stark effect has also been observed in single CdSe quantum dots by an electric-field-dependent photoluminescence spectroscopy [117] . However, there are few reports on the Stark and Franz-Keldysh effects in II-VI semiconductor nanowires and nanobelts. Recently, we observed exciton ionization, Franz-Keldysh and Stark effects in electric-field-dependent photoconductivity in CdS nanowires and nanobelts [107] , as shown in figure 8 .
The inset to figure 8(a) is an SEM image of an individual CdS nanobelt device with the channel length of 1 µm. To exclude the influence from the variation of the excitation photon flux on the photocurrent, gain (defined as how many electrons are collected by the electrodes with each incident photon) is a better physical parameter, which follows
where I ph is the photocurrent, P is the light power irradiated on the device and hν is the photon energy. Figure 8(a) shows the spectral response at the band-edge region with different nanowires and nanobelts, which exhibits a noticeable dimensionality and size dependence. A distinct sharp peak around 2.43 eV, a small peak near 2.48 eV and a broad bump close to 2.56 eV are identified. Away from the band edge at the higher energy side, oscillations are observed for all nanowire and nanobelt devices [107] . These quasi-periodic oscillations above the band edge in nanowires and nanobelts are attributed to a Franz-Keldesh effect. The electric field dependence of photoconductivity gain spectra near the band edge are shown in figure 8(b) . The observed excitonic response of FXB are due to the corresponding free exciton B due to the splitting of excitons under the crystal field and spin-orbit interaction (FXA, FXB, FXC). Figure 8 (c) shows both photoluminescence and gain spectra of a 120 nm nanowires. The considerably large energy difference (∼59 meV) between FXA and photoluminescence is due to large Stark effect in CdS nanowires.
Excitons controlled by morphology and size
Morphology and size control is an old but very effective method for the exciton manipulation. It is very attractive that in quantum dots as R < α B strong confinement is anticipated, as the exciton properties can be tuned by varying the size. When the diameter is on the scale of exciton Bohr radius [32] in nanowires, the quantum confinement will also dominate, which confirming that the geometric dimensionality influences excitonic properties.
As different from the quantum dots, nanowires and nanobelts with large size R > α B can also show the morphology and size-dependent excitonic properties [118] [119] [120] . This has renewed interests on the tailoring excitonic properties in nanowires and nanobelts by the morphology, size and cavity. The following four effects are particularly important.
Firstly, self-absorption from the Urbach tail will introduce the redshift of exciton emission with long nanowires and nanobelts. In 1D nanomaterials (nanowires and nanobelts), emissions from exciton recombination could experience emission-absorption-reemission process along the 1D filament. Due to the rich band-tail states (Urbach tail) due to defects or electron-phonon interactions [121] , redshifts of exciton emission from the ends after a long propagation of excitons along nanowires or nanobelts can be observed [121] , compared with the emission wavelength at the body of the nanowires or nanobelts. This re-absorption effect has been used for the lasing mode tailoring in CdS nanowires [60] .
Secondly, the Burstein-Moss effect from different carrier concentrations of nanowire sand nanobelts could bring the blue-shift of exciton emission. Yang et al found that the ultraviolet luminescence of a ZnO nanowire with the diameter gradually reduced from 700 to 50 nm was different and a blueshift of approximately 90 meV was observed, which could be attributed to the Burstein-Moss effect under the high carrier concentration [122] .
Thirdly, the cavity effect (Purcell effect) from different nanowires and nanobelts with different symmetry could influence the density states of excitons and exciton radiative and nonradiative recombination. Apart from the critical parameter Bohr radius, another critical parameter is the electromagnetic mode volume determined by λ = hc/nE (n is the refractive index, and c is the velocity of light), which will determine the photon density of state in nanowires and nanobelts [54] . The exciton recombination depends not only on the intrinsic properties of II-VI semiconductors, but also on the photon density of states, which in turn is related to the size and morphology of II-VI semiconducting nanowires and nanobelts [119] . The strong light-matter interaction in II-VI semiconductor nanowires and nanobelts can further enhance this effect, which in turn can be used to tailor the excitonic properties of nanowires and nanobelts by material engineering [54] . According to this, Vanmaekelbergh et al demonstrated that exciton emission from a ZnO nanowire is not dictated by the electronic band diagram of ZnO but depends on the wire geometry with a spatially resolved luminescence spectroscopy [123] .
Fourthly, the intrinsic surface effect due to the large surface-to-volume ratio of nanowires and nanobelts can also have an influence to the excitonic properties. The breaking of the translational symmetry of the crystal potential at the semiconductor surface can lead to the formation of the surface states within the gap near the surface [124] . This surface effect could bring the surface depletion electric field and the surface depletion is sensitive to carrier concentration and surface states.
Recently, we have investigated the surface depletioninduced quantum confinement in CdS nanobelts beyond the quantum confinement regime [118] . Figure 9(a) demonstrates the thickness (L)-dependent photoluminescence spectra at 294 K. As the thickness decreases, the emission peak shifts continuously and the line shape of the emission peak evolves gradually from asymmetric with a long tail at the lower energy side to symmetric at a thickness less than 100 nm. The energies of the FXA emission peaks can be extracted after fitting [118] , as shown in figure 9(b) . The energy of the FXA emission peak is plotted as a function of 1/L 2 at various temperatures in figure 9(b) . From room temperature to 77 K, the emission energy of FXA scales linearly with 1/L 2 when the thickness L is less than 100 nm, while a deviation occurs for those nanobelts thicker than 100 nm due to the re-absorption effect. The 1/L 2 dependence can be explained by the surface depletioninduced quantum confinement [118] . The surface electric field decreased in the surface depletion region due to the decrease in carrier concentration in low temperatures.
Surface states can be passivated by introducing the organic molecules [125] , polymer such as PMMA [118] or core/shell structure [126] . Core/sell structure such as CdS nanowire as the core and SiO 2 as the shell can also be used to tune the photoluminescence emission of the excitons [126] with controlled thickness. The morphology and size of nanowires and nanobelts can also influence the dynamics of excitons. A deep understanding of this dependence on the recombination dynamics of nanowires plays an important role for the design of on-demand nanodevices based on nanowires and nanobelts. Temperature-dependent and time-resolved photoluminescence spectroscopy has been used to study the size-dependent exciton recombination dynamics in single CdS nanowires with diameters from 80 to 315 nm beyond the quantum confinement regime [120] . The surface recombination decreased with the increase in nanowire diameters due to the decrease in the surface-to-volume ratio of the nanowires [120] . Lo et al also suggested that the time constants of the ultrafast dynamics of single CdTe nanowires varied due to the differences in the energetic and/or density of surface trap sites from the morphology [72] . Reparaz et al [127] investigated the spatial dependence of the exciton lifetimes in single ZnO nanowires and the dependence is explained by considering the cavity-like properties of the nanowires in combination with the Purcell effect. ASE of II-VI nanowires and nanobelts also depends on the quality and morphology of the samples [128] , and the ASE threshold power density ranging from several to tens of µJ cm −2 .
Perspectives
In this review paper, we summarize the unique excitonic properties (static and dynamics) in II-VI semiconductor nanowires and nanobelts. We also present an account on the recent development of excitonic interaction such as excitonexciton, exciton-phonon and exciton-plasmon interactions, as well as the morphology and size influence to the excitonic properties in II-VI semiconductor nanowires and nanobelts. Excitonic properties in II-VI nanowires and nanobelts are fertile for efficient opto-electronics and photonic devices. Unveiling and controlling the fundamental physics properties of excitons in the nanowires and nanobelts would be the key to further applications of these nanodevices. However, taming excitons in these nanowires and nanobelts are still on the way and more exquisite understanding and controlling is still needed. For example, full morphology controllable and size tunable synthesis of nanowires and nanobelts in large scale is very important for the purpose of monodispersive and large scale excitonic devices. Also, the doping and the defect engineering in 1D nanomaterials are also important for the tailoring of exciton and exciton complex properties. More ability to tailor exciton dynamics from the radiative or nonradiative channels is also important for the ultrafast opto-electronics and photonics based on the 1D nanowires and nanobelts. The interaction between the elementary excitation and excitons in 1D nanowires and nanobelts will also support the fundamental physics understanding of the excitonic properties in nanoscale.
Exciton in strong coupling with photon would form the polariton, which afford a good platform for the Bose-Einstein condensate [129] . Cavity engineering in nanowires and nanobelts are necessary for both fundamental and practical application of cavity quantum electrodynamics in nanowires and nanobelts.
Even though we have not discussed II-VI heterostructures based on nanowires and nanobelts, 1D nano-heterostructures can also be one of the methods for tailoring the excitons and exciton complexes. It will form the interface such as p-n junctions, unipolar-bipolar junctions, which could highly influence the unique excitonic properties in II-VI heterostructures.
